Determining the cycle time required to perform plastic parts has an important impact and relevance along the process of mold design, as well as in the cost per part. A great number of mold dimensioning algorithms and cost estimation methods use the cycle time as a main design parameter. This paper presents the results of an analytical study aimed to determine the most representative variables of the problem and how they influence in the magnitude of the cycle time. The model has been validated comparing the numerical results with the solution provided by the software Autodesk Simulation MoldFlow Advisor in several case studies. On the other hand, analytical and numerical results have been compared with dates provided by an industrial model, showing as a result a significant improvement of the accuracy of calculations. This method is intended as a complement to the use of optimization applications that require the use of a non-numerical, analytical and low computational time calculation model for determining this parameter.
Introduction
Injection molding is one of the most common plastic manufacturing process used today. In molding manufacturing process, molten row material is shaped in a mold which the resulting part must be removed after solidification. The process is suitable for volume production due to fast cycle time. The cycle time is defined as the total time taken to, inject the plastic part, pack the part in order to compensate its shrinkage during solidification, cool it to achieve enough rigidity and finally eject the part from the mold. Cycle time can be considered the major parameter in the mold design related to productivity, since it directly affects both its mechanical design and the economic benefit that the company will get during the lifetime of the part. Cycle time value is influenced by the whole mold systems (fill, heat transfer process, number of cavities, mold ejection system, etc.); each of them provide a number of parameters mutually dependent that interact with the cycle time value. Having a mathematical formulation of the cycle time can be very useful, with the purpose to use it in optimization problems for mold design. An optimal mold design and proper calculation of cycle time will allow mold makers to shorten the lead time and product cost, meeting high standards of quality and performance. The aim of this paper is to present the results of an analytical study aimed to determine the most representative variables of the problem of cycle time modelling and how they influence in the magnitude of the cycle time. This method is intended as a complement to the use of optimization applications that require the use of a non-numerical, analytical and low computational time calculation model for determining this parameter.
Background
Cycle time calculation has been approached by researchers using different analysis methods. Galantucci and Spina [1] proposed an integrated approach to evaluate gating system configurations to optimize the filling conditions of thermoplastic injection molded parts, through data integration between the finite element (FE) analysis and the design of experiment approach, however their method depends on using CAE tools as Moldflow, as well as skilled operators. Ferreira et al. [2] presented a framework, based on a Multidisciplinary Design Optimization Methodology (MDO), which tackles the design of an injection mold by integrating the structural, feeding, ejection and heat exchange subsystems to achieve significant improvements, they also perform multiple objective optimization simultaneously minimizing cycle time, wasted material and pressure drop, however they assumed that the value of the injection time is very small compared to the other times and they considered it as a constant value. Ramos et al. [3] presented a global optimization strategy for the injection molding cycle time, covering all time steps related to the injection molding process, including a novel mathematical model to predict the ejection time, however they perform calculations of injection time in the area of the cavity assuming a constant thickness of the piece (not always the part has a constant thickness) and assuming a constant value of viscosity (when this value is variable within the cavity), moreover they calculate the packing and cooling time in an isolated manner, when it has to be noted that the real cooling time (Menges and Walter [4] ) includes packing time. This paper proposes a new model to calculate cycle time and an alternative method to calculate injection time, which focuses on the mold feeding system modeling. In this area, it is possible to introduce the value of the equivalent radius of the runners, calculating the pressure drop and the real viscosity. Moreover, the value of R s (equivalent radius) has been parametrized, obtaining as a result a surface that represents R s versus the runner flow and the value of the real radio. The ability to provide to industry, a pseudo-empirical model of innovative character for determining this parameter, represents a technological improvement in the analysis of the injection phase without using a CAE calculation method. The mold filling time, T Filling , is defined as the time needed for filling, not only the mold cavities, but also the melt distribution system (runners, sprue, gates, etc.). As the molten plastic is considered a non-Newtonian fluid, dynamic viscosity of the material is dependent on shear stresses to which the fluid is subjected eqn (6) . The shear rate of a Newtonian fluid in a tube, similar to the geometry of runners, for a nominal flow, can be defined as eqn (6) But taking into fig. 3 account, it is noted that for a nominal radius of the runner, the magnitude of shear rates for a non-Newtonian fluid and a Newtonian fluid are equivalent. So for that value of effective radius, the dynamic behavior of non-Newtonian fluid may resemble to that of a Newtonian fluid (Menges and Walter [4] ). This consideration allows modeling molten plastic flow according to eqn (4).
Methodology
Considering the viscosity model (Cross [5] ), an empirical correlation can be established between the shear rate of non-Newtonian flow and viscosity thereof ( fig. 3 ). represents the critical stress level at the transition to shear thinning and n represents the power law index in the high shear rate regime.
Thus, we can set the dynamic viscosity, and thus modeling flow within the feeding system, is dependent on the following parameters: injection rate, the geometry of the system and the type of material.
At the surface Rs vs. R vs. Q iny ( fig. 4 ) it has been represented the magnitude and dependence of the variable representative R S on the injection rate and the The importance of this geometrical parameter associated with the analytical modeling of the injection phase is very representative because, as we can see in eqn (4), the error in assigning the actual radius of runners in the Hagen-Pouseille equation for a fluid non-Newtonian is about (R/R S ) 4 . Therefore, the ability to offer the industry an innovative analytical model for determining this geometric representative variable represents a technological improvement. It is not necessary to use a method of numerical calculation of CAE in the analysis of the filling phase. Finally, from the above graphs ( fig. 4 ) and by eqn (4), determining the injection time and the pressure drop associated with the feeding system is trivial.
Cooling time begins when the filling phase is over, which occurs over time T Filling . Remanence time is that which runs from the end of filling to the time of mold opening and ejection of the part, i.e. it covers the steps defined as packing and holding (compacting) and cooling, eqn (9).
(9)
In the compacting phase compaction pressure is held constant to compensate for shrinkage of the part caused by the cooling of the material (around 70-80% of the pressure reached in the cavity during the filling phase). Thereafter the part is cooled to the temperature of ejection. Remanence is one of the most important phases in the thermoplastics injection molding process stages, because it lasts most of the cycle time. A suitable analytical modeling of this stage provides a significant increase in accuracy.
Therefore, the time required from the end of filling the cavity until the piece reaches ejection temperature can be described by the model proposed by Menges and Walter [4] . Other computational models of these two variables (Ramos et al. [3] ) proposed a fragmentation of these phases. In this paper [3] , a separate analysis is addressed of the compacting and cooling phases and it is proposed to establish a unified criterion of calculation based on wall thickness of the molded part geometry. Usually, the wall thickness of the injection piece is smaller than the diameter of the main elements of the feed system (d gate , d xprue ), therefore the time required to complete cooling (maximum thickness) of the injection piece is less than the time required for the solidification and cooling of the sprue gates. This is why dimensioning factor is included in eqn (10). Thus, the calculation of the actual cooling time is defined from thicker geometry of the mold assembly fig. 1 . In the case that this premise is not satisfied (wall thickness greater than the diameter of the sprue or gate) it is recommended not to include this parameter in the calculation.
The summatory associated with the mold opening and part ejection mold closing time is defined as the time resetting. According to the approach presented by Boothroyd et al. [6] the geometric characteristics of the part is the most important factor in this phase analysis. First, the projected area of the part and the number of cavities determine the capacity of the machine (clamp clamping force and stroke) and secondly, the maximum depth of the part influences the effective career to facilitate ejection of the part. The mold should be sized according to these parameters.
1,75
, / [6] ). This factor multiplies the drying time allotted for each operating condition of the machine in addition it is associated a factor (1.75), to compensate for the speed difference between the opening and closing operation of the mold.
Case studies
In order to validate the proposed model, cycle time has been analyzed in various scenarios. We have compared the research results with those of a commercial application of numerical calculation (MoldFlow ® ) and a cycle time calculation procedure based on industrial experience provided by the Andaltec Technological Plastic Center. These scenarios have been developed employing the plastic material Bayblent TX-85 and a 180 MPa pressure injection machine. Tables 1 to 4 show the results obtained in the analysis of the feeding system in the filling phase. On one hand, the results of varying the effective radius R S (most representative parameter in modeling molten plastic) are exposed. On the other hand, knowing the magnitude of R S and hence the effective viscosity of the pseudo-plastic front, the pressure losses associated with the geometry of the feed system are shown. These results were compared and validated by numerical simulation software Moldflow ® . 
Conclusions and future work
This work addresses an analytical model (non-numeric) to calculate cycle time for injection molding pieces, which improves the accuracy regarding conventional models used in industry. This model is suitable for optimization problems in mold design. The most important phases of the cycle time have been modelled, as well as the most representative parameters, including an alternative mathematical model to predict injection time. Injection time has been modelled focusing on the feeding system where the geometry of the runners, as well as the viscosity remains constant, this fact allows obtaining the effective radius; by contrast on the models centered on the cavity, where parameter values are variable because of variable part geometry. A family of curves has been obtained that parameterizes the value of Rs depending on the injection flow and the runner radius, its usefulness being demonstrated, in optimization problems that require a non-numerical modeling. The importance of this parameter associated with the analytical modeling of the injection phase is very representative, the error has been valuated, obtaining results in the range (80-150%), since the radius of the runner in the equation is elevated to 4. It has been modeled the remanence phase (packing time + cooling time) and the ejection phase, setting the most significant parameters. The model has been validated comparing the numerical results with the solution provided by the software Autodesk Simulation Moldflow Advisor in several case studies. On the other hand, analytical and numerical results have been compared with dates provided by an industrial model, showing as a result a significant improvement of the accuracy of calculations, getting an error of 25% in the best of cases.
